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Fig. 3. De novo haplotype-resolved genome assembly reveals widespread inter- and intra-chromosomal rearrangements. A) 
and B) Synteny plot shows a large-scale translocation between chromosome arms of chromosome 2 (yellows) and chromosome 16 
���E�O�X�H�V�������L�Q�G�L�F�D�W�L�Q�J���D���P�D�M�R�U���V�W�U�X�F�W�X�U�D�O���Y�D�U�L�D�Q�W�����$�G�G�L�W�L�R�Q�D�O���V�P�D�O�O�H�U���V�F�D�O�H���U�H�D�U�U�D�Q�J�H�P�H�Q�W�V���D�U�H���Y�L�V�L�E�O�H���W�K�U�R�X�J�K�R�X�W���W�K�H���J�H�Q�R�P�H�����U�H�w�H�F�W�L�Q�J��
complex structural variation and a chromothripsis-like event. B) Zoom-in of chromosome 2 where BCL11A occurs. C) Read pileup at 
translocation breakpoint in BCL11A. 
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A multi-omic investigation of gene dysregulation in a complex chromothripsis-like 
translocation event using Oxford Nanopore sequencing 

Rare genetic diseases caused by complex structural variation can be challenging to diagnose, and for some, it is not possible 
�W�R���U�H�V�R�O�Y�H���W�K�H�L�U���V�W�U�X�F�W�X�U�H�V���E�\���V�W�D�Q�G�D�U�G���U�H�I�H�U�H�Q�F�H���E�D�V�H�G���Y�D�U�L�D�Q�W���F�D�O�O�L�Q�J�����)�X�U�W�K�H�U�����W�K�H���G�R�Z�Q�V�W�U�H�D�P���H�u�H�F�W�V���R�I���W�K�H�V�H���F�R�P�S�O�H�[���Y�D�U�L-
�D�Q�W�V���R�Q���J�H�Q�H�V���P�D�\���E�H�Q�H�v�W���I�U�R�P���F�R�P�S�U�H�K�H�Q�V�L�Y�H���P�X�O�W�L���R�P�L�F���G�D�W�D�����+�H�U�H�����Z�H���S�U�H�V�H�Q�W���D���F�D�V�H���I�U�R�P���1�H�Z���<�R�U�N���8�Q�L�Y�H�U�V�L�W�\�
�V���8�Q�G�L�D�J-
nosed Diseases Program (UDP) exemplifying this challenge. In a child with a severe developmental disability, we investigated a 
complex translocation whose structure had eluded all prior investigations. Using telomere-to-telomere (T2T) assembly with ul-
�W�U�D���O�R�Q�J���U�H�D�G�V�����O�L�J�D�W�L�R�Q���E�D�V�H�G���V�H�T�X�H�Q�F�L�Q�J�����D�Q�G���3�R�U�H���&���D�O�O���I�U�R�P���2�[�I�R�U�G���1�D�Q�R�S�R�U�H���7�H�F�K�Q�R�O�R�J�L�H�V���D�O�R�Q�J�V�L�G�H���2�1�7���E�D�V�H�G���F�'�1�$��
�V�H�T�X�H�Q�F�L�Q�J���D�Q�G���G�L�U�H�F�W���G�H�W�H�F�W�L�R�Q���R�I�����P�&�����K�P�&���P�R�G�L�v�F�D�W�L�R�Q�V�����Z�H���L�G�H�Q�W�L�v�H�G���D�Q�G���I�X�O�O�\���U�H�V�R�O�Y�H�G���D���K�L�J�K�O�\���F�R�P�S�O�H�[���F�K�U�R�P�R�W�K�U�L�S-
sis-like translocation between chromosomes 2 and 16. The event involved multiple breakpoints spanning several megabases. 
�:�L�W�K�� �W�K�L�V�� �K�D�S�O�R�W�\�S�H���U�H�V�R�O�Y�H�G�� �D�V�V�H�P�E�O�\���� �Z�H�� �W�K�H�Q�� �L�G�H�Q�W�L�v�H�G�� �J�H�Q�H�V�� �D�u�H�F�W�H�G�� �E�\�� �W�K�H�� �U�H�D�U�U�D�Q�J�H�P�H�Q�W�V���� �$�G�G�L�W�L�R�Q�D�O�� �W�U�D�Q�V�F�U�L�S�W�R�P�L�F��
and epigenomic datasets uncovered associated changes in gene expression and methylation. Overall, this study highlights the 
�H�u�H�F�W�L�Y�H�Q�H�V�V���R�I���F�R�P�S�U�H�K�H�Q�V�L�Y�H���P�X�O�W�L���R�P�L�F���D�Q�D�O�\�V�H�V���L�Q���U�H�V�R�O�Y�L�Q�J���F�K�D�O�O�H�Q�J�L�Q�J���X�Q�G�L�D�J�Q�R�V�H�G���U�D�U�H���G�L�V�H�D�V�H���F�D�V�H�V���L�Q�Y�R�O�Y�L�Q�J���F�R�P-
plex structural variation.

An increase in expression of fetal gamma-globin genes (HBG1/2), along with decreased expression in the adult beta-hemoglobin 
genes (HBB, HBA1/2���� �)�L�J���� ���$���%������ �Z�D�V�� �R�E�V�H�U�Y�H�G�� �E�\�� �G�L�u�H�U�H�Q�W�L�D�O�� �H�[�S�U�H�V�V�L�R�Q�� �D�Q�D�O�\�V�L�V���� �7�K�L�V�� �v�Q�G�L�Q�J�� �V�X�S�S�R�U�W�V�� �W�K�H�� �G�L�V�U�X�S�W�L�R�Q�� �R�I�� �W�K�H��
BCL11A���J�H�Q�H�����U�H�V�X�O�W�L�Q�J���L�Q���D�Q���L�Q�F�U�H�D�V�H���L�Q���I�H�W�D�O���K�H�P�R�J�O�R�E�L�Q�����+�E�)���������'�X�U�L�Q�J���G�H�Y�H�O�R�S�P�H�Q�W�����W�K�H���P�D�M�R�U���K�H�P�R�J�O�R�E�L�Q���H�[�S�U�H�V�V�H�G���L�Q���U�H�G��
�E�O�R�R�G���F�H�O�O�V���F�K�D�Q�J�H�V���I�U�R�P���+�E�)���W�R���D�G�X�O�W���K�H�P�R�J�O�R�E�L�Q�����+�E�$�������7�K�H���O�H�Y�H�O���R�I���+�E�)���L�V���J�H�Q�H�W�L�F�D�O�O�\���F�R�Q�W�U�R�O�O�H�G���D�Q�G���D���F�U�L�W�L�F�D�O���P�R�G�L�v�H�U���R�I���W�K�H��
clinical severity of some diseases1. BCL11A is a transcriptional repressor that plays a key role in the developmental silencing of 
�+�E�)2.

�7�K�L�V���V�W�X�G�\���G�H�P�R�Q�V�W�U�D�W�H�V���W�K�H���S�R�Z�H�U���R�I���F�R�P�S�U�H�K�H�Q�V�L�Y�H���P�X�O�W�L���R�P�L�F���S�U�R�v�O�L�Q�J���W�R���S�U�R�Y�L�G�H���G�H�H�S���L�Q�V�L�J�K�W�V���L�Q�W�R���W�K�H���I�X�Q�F�W�L�R�Q�D�O���L�P�S�D�F�W��
�R�I���J�H�Q�L�F���G�L�V�U�X�S�W�L�R�Q�V���W�R���U�H�Y�H�D�O���Q�R�Y�H�O���U�D�U�H���G�L�V�H�D�V�H���P�H�F�K�D�Q�L�V�P�V�����6�S�H�F�L�v�F�D�O�O�\�����Z�H���L�G�H�Q�W�L�v�H�G���W�K�H���G�L�V�U�X�S�W�L�R�Q���R�I���W�K�H��BCL11A gene as 
�W�K�H���U�H�V�X�O�W���R�I���D���F�R�P�S�O�H�[�����E�D�O�D�Q�F�H�G���F�K�U�R�P�R�V�R�P�H���D�U�P���W�U�D�Q�V�O�R�F�D�W�L�R�Q�����(�S�L�J�H�Q�H�W�L�F���D�Q�G���W�U�D�Q�V�F�U�L�S�W�R�P�L�F���D�Q�D�O�\�V�H�V���F�R�Q�v�U�P�H�G���W�K�H�U�H��
were increased expression and hypomethylation of BCL11A �Q�H�D�U�� �W�K�H�� �E�U�H�D�N�S�R�L�Q�W���� �7�K�L�V�� �V�W�X�G�\�� �K�L�J�K�O�L�J�K�W�V�� �W�K�H�� �H�u�H�F�W�L�Y�H�Q�H�V�V�� �R�I��
combining de novo���7���7���D�V�V�H�P�E�O�\�����W�U�D�Q�V�F�U�L�S�W�R�P�H���D�Q�D�O�\�V�L�V�����D�Q�G�����P�&���S�U�R�v�O�L�Q�J���I�R�U���F�K�D�O�O�H�Q�J�L�Q�J���X�Q�G�L�D�J�Q�R�V�H�G���U�D�U�H���G�L�V�H�D�V�H���F�D�V�H�V��
with complex structural variations, such as the chromothripsis-like translocation studied here. 
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Fig. 6. Epigenetic changes 
near BCL11A. Read pileup 
�V�K�R�Z�V�� �G�L�u�H�U�H�Q�W�L�D�O�� �P�H�W�K�\�O�D-
�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �K�D�S�O�R�W�\�S�H�V����
paternal haplotype is hy-
pomethylated (blue) and 
the maternal haplotype is 
hypermethylated (red) at 
exon 4 in BCL11A near the 
breakpoint. Inset highlights 
a zoomed-in view, empha-
�V�L�]�L�Q�J���W�K�H���D�O�O�H�O�H���V�S�H�F�L�v�F���H�S�L-
genetic regulation poten-
�W�L�D�O�O�\�� �L�Q�w�X�H�Q�F�L�Q�J�� �J�H�Q�H�� �H�[-
pression. This same region 
is hypermethylated in both 
haplotype in the parental 
genomes (not shown). 
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C)

�)�L�J�����������:�R�U�N�w�R�Z���I�R�U���K�D�S�O�R�W�\�S�H���U�H-
solved genome assembly and 
multi-omic analyses. Sequencing 
�W�\�S�H�V�����8�O�W�U�D���/�R�Q�J���.�L�W�����8�/�.�������/�L�J�D�W�L�R�Q��
�6�H�T�X�H�Q�F�L�Q�J���.�L�W�����/�6�.�������3�R�U�H���&�����F�K�U�R-
matin conformation capture), cD-
�1�$���3�&�5�� �6�H�T�X�H�Q�F�L�Q�J�� �.�L�W�� ���3�&�6������������
�7�K�H�� �2�[�I�R�U�G�� �1�D�Q�R�S�R�U�H�� �Z�R�U�N�w�R�Z�V��
are available in EPI2ME (see QR 
code). All sequencing performed 
�R�Q���W�K�H���3�U�R�P�H�W�K�,�2�1��������������

Fig. 1. Case summary and prior testing. �$�����&�D�V�H���V�X�P�P�D�U�\���L�Q�F�O�X�G�L�Q�J���S�H�G�L�J�U�H�H���D�Q�G���N�H�\���S�K�H�Q�R�W�\�S�L�F���I�H�D�W�X�U�H�V���R�I���D�u�H�F�W�H�G���L�Q�G�L�Y�L�G�X�D�O�����%�����3�U�L�R�U��
genetic investigations were unable to fully resolve complex structural variation. The karyotype analysis recovered a de novo translocation 
�R�I���X�Q�F�H�U�W�D�L�Q���V�L�J�Q�L�v�F�D�Q�F�H�����������;�;���W���������������S�������T�����������5�H���D�Q�D�O�\�V�L�V���R�I���W�K�H���V�K�R�U�W���U�H�D�G�����6�5�����W�U�L�R���Z�K�R�O�H���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J�����:�*�6�����D�Q�G���Z�K�R�O�H���H�[�R�P�H��
sequencing (WES) data at UDP found complex structural variant involving chromosomes 2 and 16, but the structure could not be resolved. 

BCL11A �V�K�R�Z�V���K�\�S�R�P�H�W�K�\�O�D�W�L�R�Q���D�E�R�X�W���������N�E���I�U�R�P���D���W�U�D�Q�V�O�R�F�D�W�L�R�Q���E�U�H�D�N�S�R�L�Q�W�����U�H�w�H�F�W�L�Q�J���G�R�Z�Q�V�W�U�H�D�P���H�S�L�J�H�Q�H�W�L�F���F�R�Q�V�H�T�X�H�Q�F-
es of the translocation (Fig. 6).

Fig. 4. Alignment of assembled chromo-
�V�R�P�H�V�� �W�R�� �W�K�H�� �U�H�I�H�U�H�Q�F�H�� �J�H�Q�R�P�H�� �F�R�Q�v�U�P�V��
multiple inter- and intra- chromosomal 
translocations and inversions.  A) Transloca-
tion between chromosomes 2 and 16. The 
�W�U�D�Q�V�O�R�F�D�W�H�G�� �V�H�J�P�H�Q�W�V�� �D�S�S�H�D�U�� �D�V�� �R�u���G�L�D�J�R�Q�D�O��
�D�O�L�J�Q�P�H�Q�W�V���� �%���� �D�Q�G�� �&���� �1�X�P�H�U�R�X�V�� �D�G�G�L�W�L�R�Q�D�O��
smaller inversions and translocations are also 
observed, consistent with a chromothripsis-like 
event.
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Results: de novo translocation 
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breakpoint

The resulting de novo telomere-to-telomere assembly provided 33/46 complete chromosomal contigs, including two contigs 
�Z�K�L�F�K���F�R�Q�v�U�P�H�G���W�K�H���E�D�O�D�Q�F�H�G���W���������������S���T�����W�U�D�Q�V�O�R�F�D�W�L�R�Q���H�Y�H�Q�W���V�H�H�Q���R�Q���N�D�U�\�R�W�\�S�H���D�Q�G���I�X�O�O�\���U�H�V�R�O�Y�H�G���������L�Q�W�H�U�����D�Q�G���L�Q�W�U�D���F�K�U�R�P�R-
somal translocation breakpoints (Fig. 3; Fig. 4). This complex structural variant occurred on the paternally inherited haplotype 
�D�Q�G���Z�D�V���O�L�N�H�O�\���F�D�X�V�H�G���E�\���D���J�H�U�P�O�L�Q�H���F�K�U�R�P�R�W�K�U�L�S�V�L�V���O�L�N�H���H�Y�H�Q�W�����)�L�J�������%���&�������2�X�U���D�Q�D�O�\�V�H�V���L�G�H�Q�W�L�v�H�G���������F�D�Q�G�L�G�D�W�H���J�H�Q�H�V���G�L�U�H�F�W�O�\���D�I-
fected by structural breakpoints. One disrupted gene, BCL11A�����K�D�V���E�H�H�Q���L�G�H�Q�W�L�v�H�G���D�V���D���O�H�D�G���F�D�Q�G�L�G�D�W�H���I�R�U���I�X�U�W�K�H�U���L�Q�Y�H�V�W�L�J�D�W�L�R�Q��
�E�D�V�H�G���R�Q���W�K�H���S�D�W�L�H�Q�W���V���S�K�H�Q�R�W�\�S�H�����)�L�J�����������)�L�J�������&��������������

Methods

Fig. 5. cDNA sequencing reveals dif-
ferential expression in BCL11A-asso-
ciated genes, indicating a shift in he-
moglobin regulation. Transcriptomic 
data show increased expression of 
fetal hemoglobin and decreased ex-
pression of adult hemoglobin genes. 
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Nanopore-only T2T assembly of a complex translocation event re-
veals genic breakpoints


